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ABSTRACT 
Brown Pelicans (Pelecanus occidentalis carolinensis) are numerous throughout 
the northern Gulf of Mexico, where they and many other coastal bird species utilize the 
diverse habitats available. Understanding the habitat needs of Brown Pelicans can help 
inform broader restoration and conservation efforts in the region, much of which is 
focused on seabird- orientated restoration and management projects; however, data gaps 
for a variety of different sea- and waterbirds have limited the success of many projects. I 
studied two aspects of the reproductive ecology of Brown Pelicans: survival of nests and 
broods, and prey utilization. In Chapter 2, I used generalized linear models to model the 
relationship between habitat and weather variables and the daily survival of nests and 
broods. My results suggest that weather conditions overwhelm the importance of habitat 
parameters on the survival of both nests and broods, and restoration should focus on 
habitat features that decrease the negative effects of weather on the reproductive success 
of Brown Pelicans. In Chapter 3, I described the taxonomic and proximate composition 
of meals from Brown Pelican chicks during 3 months of their maturation, compared the 
taxonomic composition of prey in chick meals to the prey species composition of 
available prey within Mobile Bay, and investigated the life history patterns of a focal 
prey species, Gulf Menhaden (Brevoortia patronus). My results provide support for the 
trophic importance of abundant forage fish, such as Gulf Menhaden and other small 
schooling fish species and suggest that freshwater and estuarine systems like Mobile Bay 
are important foraging areas during the breeding season. Together, these results can 
inform restoration and management of Brown Pelican breeding colonies throughout the 
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Gulf of Mexico. Since both nest and prey quality affect nestling survival, and ultimately 
recruitment, my work helps to explain and clarify factors affecting Brown Pelican 
population parameters, and thus to inform conservation and management decisions. 
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CHAPTER ONE 
INTRODUCTION 
The Gulf of Mexico is utilized by a variety of breeding, migrating, and wintering 
seabirds and waterbirds (Robinson and Dindo 2011, Gulf Coast Ecosystem Recovery 
Task Force 2011). Prominent among these species are Brown Pelicans (Pelecanus 
occidentalis carolinensis), which breed throughout the northern Gulf of Mexico in 
colonies ranging from less than 100 to almost 5,000 pairs (Schreiber and Burger 2001, 
Walter et al. 2014, Lamb 2016). Brown Pelicans have been a species of high conservation 
concern in the Gulf of Mexico for decades (Schreiber 1980, Nelson 2005). Brown 
Pelicans were listed as endangered in 1970 due primarily to population declines 
associated with pollution from contaminants such as DDT. The species was considered 
recovered and removed from the Endangered Species list completely in 2009. Following 
the 2010 Deepwater Horizon oil spill, which caused widespread mortality of pelicans and 
other coastal birds (Haney et al. 2014), restoration activities for seabirds and coastal birds 
have increased throughout the northern Gulf of Mexico. To be fully successful, however, 
continued restoration efforts will require data beyond levels currently available.  
In an effort to aid local managers and restoration efforts aimed at increasing 
populations of avian species throughout the Gulf of Mexico, the Gulf of Mexico Avian 
Monitoring Network (GOMAMN) was created (https://gomamn.org/).  The goals of 
GOMAMN are to inform conservation decision-making and increase the success of 
restoration activities for birds in the region by reducing data gaps and uncertainty 
surrounding the effects of both management actions and ecological processes. GoMAMN 
1 
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recently developed a large-scale monitoring plan for birds in the region, and one of the 
focal groups of the plan was nearshore seabirds (Woodrey et al. 2019). Within that focal 
group, Brown Pelicans were identified as a high-priority species for long-term monitoring 
(Jodice et al. 2019). The plan also recognizes and identifies many data gaps, however, 
and without filling these gaps restoration and management projects are unable to 
effectively mitigate issues affecting the population dynamics of the species. Addressing 
data gaps through targeted research projects can provide restoration and management 
efforts with the knowledge needed to improve populations within the Gulf of Mexico, 
and protect the habitats needed to support the species (Jodice et al. 2019).  
The goal of this thesis is to answer specific questions about Brown Pelican 
reproductive ecology in the northern Gulf of Mexico, in order to reduce the data gaps that 
exist for the species and inform habitat creation and restoration. This thesis focuses on 
two aspects of the reproductive ecology of Brown Pelicans designed to fill these data 
gaps: survival rates of nests and broods, and prey utilization. Since both nest and prey 
quality affect nestling survival and ultimately recruitment (Bried et al. 2008, Bellingham 
et al. 2010, Lamb 2016), my work will help to explain and clarify factors affecting Brown 
Pelican population parameters and inform conservation and management decisions. In 
Chapter 2, I focus on the influence of nest site, weather, and temperature on the survival 
of eggs and broods. In 2017 and 2018, I collected data from two colonies in Mobile Bay, 
Alabama, one of which is currently the largest pelican colony in the northern Gulf of 
Mexico. I measured daily survival rates during incubation and chick-rearing, and 
assessed the influence of micro-habitat characteristics and weather on each. Detailed data 
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on the relationship between environmental and weather conditions on the reproductive 
success of Brown Pelicans can increase our understanding of which site-specific factors 
contribute to the success of nests and broods, informing and focusing restoration projects 
(Ranglack et al. 1991, Robinson and Dindo 2011, Walter et al. 2013, Lamb 2016). In 
Chapter 3, I focus on the composition and quality of meals delivered to maturing chicks 
before fledging to better understand the spatial distribution and use of marine prey 
resources by nesting Brown Pelicans. In 2017 and 2018, I collected diet samples from 
pelican chicks during routine nest visits. I determined the taxonomic composition of the 
diet and measured the energy content of prey, which I used to estimate the energy content 
of meals. I also used independent fisheries survey data to assess the occurrence of prey 
species in pelican diets compared to availability in Mobile Bay. Due to the extended 
fledgling period of chicks and the colonial nesting of Brown Pelicans, access to large 
quantities of prey is an especially important component of habitat quality, and a better 
understanding of the spatial distribution of important prey species could help inform 
colony management and restoration efforts (Nelson 2005, Lamb et al. 2017).  Results 
from this research will inform restoration and management projects aimed at creating and 
restoring quality habitat for nesting Brown Pelicans colonies throughout the Gulf of 
Mexico, and fill data gaps that currently exist for the species.  
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CHAPTER TWO 
REPRODUCTIVE SUCCESS OF BROWN PELICANS (PELECANUS 
OCCIDENTALIS CAROLINENSIS) ALONG THE GULF COAST OF ALABAMA 
Introduction 
 The Gulf of Mexico is a biodiverse and rich ecosystem supporting, among a 
variety of other species, an abundance of nesting seabirds and shorebirds (Visser and 
Peterson 1994, Beck et al. 2001). The region is also subject to a variety of different 
ecological and anthropogenic stressors (Lamb 2016, Walter et al. 2017, Ward 2017). 
Ecological stressors, including frequent storms and sea level rise, are changing the 
location, structure, and function of many coastal ecosystems within the northern Gulf, 
while anthropogenic stressors, including development and oil spills, acutely and 
chronically affect a wide range of ecosystems and species within the Gulf of Mexico 
including breeding seabirds (Costa et al. 2003, Wasson and Woolfolk 2011). Due to the 
vulnerability of seabirds during the breeding season, and the diversity of species that 
breed in coastal habitats within the Gulf of Mexico, substantial efforts are currently 
underway to restore, create, or modify breeding habitats to benefit these species, and to 
develop long-term monitoring plans for avian species within those habitats (Anderson 
and Keith 1980, Schreiber and Burger 2001, Jodice et al. 2019). Creating productive 
breeding habitats requires a thorough understanding of factors influencing nesting habitat 
quality and reproductive success, which is still lacking for many target species in the 
region (Anderson and Keith 1980, Gulf of Mexico Avian Monitoring Network 2017, 
Jodice et al. 2019).   
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Restoration efforts in breeding habitats typically focus on improving the survival 
of eggs and chicks, which can have important ramifications for population dynamics 
(Bried et al. 2008, Bellingham et al. 2010). For restoration and management of breeding 
habitats to be effective, however, detailed data are required on the relationship between 
environmental conditions at the nest site and reproductive success. Reproductive success 
can be affected by a number of different characteristics at nesting sites including density 
of breeders, exposure to inclement weather, vegetation characteristics, landscape features, 
and weather (Ranglack et al. 1991, Robinson and Dindo 2011, Walter et al. 2013, Lamb 
2016). For example, restoration actions such as planting native plants and creating 
structure to limit soil erosion can enhance nesting efforts and subsequently reproductive 
success (Jodice et al. 2007, Bried et al 2008, Raynor et al. 2012 ). However, reproductive 
output may also be limited by environmental variables beyond the nest site or even the 
nest island. For example, weather and stochastic events such as storms and flooding can 
decrease the survival of eggs and chicks either directly, by flooding or wave impact 
removing nests and chicks, or indirectly, when eggs and chicks cannot get dry or warm 
after the initial event (Romos et al. 2002, Frederiksen et al. 2008, Sherley et al. 2011, 
Bonter et al. 2014). Creating nesting habitat that is resilient to these external conditions 
might require additional restoration actions, such as reinforcing island perimeters to avoid 
erosion during severe storms. Understanding which site-specific factors contribute to the 
success of nests is imperative to focusing restoration efforts and projects that will 
maximize population-level impacts for the focal species.   
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To better understand the micro- and macro-level variables that affect the 
reproductive survival of breeding seabirds, we studied Brown Pelicans (Pelecanus 
occidentalis carolinensis) nesting in the Gulf of Mexico along the coast of Alabama. We 
focused our research on colonies in and around Mobile Bay including the colony on 
Gaillard Island, a large island with a variety of habitat for both ground and shrub nesting 
that has historically been the largest Brown Pelican colony in Alabama. We collected 
macro- and micro- scale habitat and environmental measurements throughout the 
breeding season, from incubation through the hatching and fledging of the chicks at 
approximately 70-80 days post hatch (Schreiber 1976, Ploger 1992). We then modeled 
the relationship between these variables and the daily survival (DSR) of nests and broods 
during 2017 and 2018 to identify and better understand the variables that affect DSR. 
Identifying the environmental and habitat variables that are most likely to affect the 
reproductive success of a representative colonial breeding seabird in the Gulf of Mexico 
will provide wildlife managers with data needed to guide restoration and management 
actions throughout the region (Jodice et al. 2019).  
Methods 
Study Area 
All research occurred on two islands in Mobile Bay along the Gulf coast of 
Alabama, USA (Fig. 1). Gaillard Island (30° 30′ N, 88° 02′ W), located in the center of 
Mobile Bay, was constructed by the Army Corps of Engineers in 1979 and supported a 
breeding population of ca. 3,000-4,000 nesting pairs of Brown Pelicans in 2017-2018. 
The island’s perimeter is protected by a rock-enforced earthen berm. Vegetation is sparse 
in the center of the island, but along the southern berm where Brown Pelicans nest 
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(roughly 20% of the total island area), the dominant vegetation species are Cogon grass 
(Imperata clindrica), Chinese tallow (Sapium sebiferum), phragmites cane (Phragmities 
australis), and Sesbania sp. (Robinson and Dindo 2008, pers. observ.). Cat Island (30° 
19’N, 88° 12’W) is a shell-midden island with a vegetated center and supported a 
breeding population of ca. 200 nesting pairs of Brown Pelicans in 2017 but no nesting 
pairs in 2018. The dominant vegetation species on Cat Island are marsh elder (Iva 
frutescens) and baccharis (Baccharis hamilifolia; Robinson and Dindo 2008). Both 
islands support other breeding birds, including Royal Terns (Thalasseus maximus), 
Caspian Terns (Hydroprogne caspia), Laughing Gulls (Leucophaeus atricilla), Snowy 
Egrets (Egretta thula), Cattle Egrets (Bubulcus ibis), Tricolored Herons (Egretta 
tricolor), Black-crowned Night-Herons (Nycticorax nycticorax), and White Ibis 
(Eudocimus albus) (Robinson and Dindo 2008).  During 2017, we sampled both Gaillard 
and Cat Islands; however, in 2018, we sampled only Gaillard Island as no pelicans nested 
on Cat Island.  
Nest and Brood Monitoring 
We established productivity plots within Brown Pelican colonies on Cat Island 
(2017: n = 2 plots) and Gaillard Island (2017: n = 4 plots; 2018: n = 7 plots). Cat Island is 
a natural shell-midden island, characterized by a densely vegetated interior and a shell 
beach exterior that varies in width from approximately 1 m – 3 m. In 2017, both plots 
were placed in the shrub interior of the island, towards the southern end of Cat Island 
(Fig. 1). Gaillard Island has an interior area characterized by cord grass with sparse 
vegetation, and an exterior area characterized primarily by shrub vegetation with cord 
10 
grass occurring among shrubs. In 2017, interior portions of Gaillard Island were 
unavailable for nesting due to flooding and therefore all plots occurred along the exterior 
edge of the berm. Due to the use of both islands in 2017, we used a GLM to test for 
differences in DSR between islands and did not find evidence that survival rates differed 
between colonies (Nests: beta = 0.09 +/- 0.77; Broods: beta = 0.75 +/- 0.91); thus, we 
pooled data from both colonies in all subsequent analyses. In 2018 all nesting occurred in 
Gaillard Island, where we placed plots both on the interior of the berm (n = 3) and on the 
exterior edge of the berm due to availability and use (n = 4; Fig. 1). Each plot contained 
10 – 30 nests, depending on nest configuration and proximity. All plots were spaced 
based on natural contours and aspects of the islands, resulting in distance between plots 
ranging from 60 - 260 m. Plots were visited as often as possible given weather conditions 
and logistics (range: 2 - 11 days).  
During each visit, we enumerated and recorded nest contents. When chicks 
became mobile at approximately 21 days of age, we banded all chicks with a field-
readable, 3-letter leg band (2017: n = 145; 2018: n = 156). During subsequent visits, we 
searched for banded chicks on colony and via observations from a small power boat 
within 70 m of shore until all banded chicks were located and identified. We continued 
re-sighting efforts until ≥ 80% of the banded chicks were > 70 (2017) or 65 (2018) days 
post hatch, which we defined as ‘fledged’ (Schreiber 1980). All monitored nests were 
assigned a final fate of either successful (≥ 1 egg hatched) or failed (0 eggs hatched) and 
all broods were assigned a final fate of either successful (≥ 1 chick fledged) or failed (0 
chicks fledged). We refer to these fates as nest success and brood success, respectively. 
11 
Habitat variables 
We measured ten habitat variables at each nest (Table 1). Variables that remained 
fixed throughout the breeding season (substrate beneath nest, nest elevation above sea 
level, and nest distance to water; hereafter, fixed variables) were recorded once at the 
start of the season, while variables that could change during nesting and fledging (nest 
height above ground and vegetation cover directly above the nest; hereafter, dynamic 
variables) were measured approximately every 3 weeks (range 2 - 4 weeks) beginning 
with the establishment of the plots (Appendix A).  We subsequently used the average 
value of the dynamic variables in all analyses. The elevation of each nest location above 
sea level was measured using a Garmin GPSmap 60CSx (resolution 0.30 m) and stratified 
into four categories based on the quartiles of the collected elevations (low = 0 - 0.59 m, 
medium = 0.60 - 0.75 m, high = 0.76 – 1.0 m, and berm ＞1.0 m). All modeling used the 
four categories of elevation except during the brood stage of 2017, where the four 
elevation categories were collapsed to two categories (low = 0 – 0.75 m, high ≥ 0.76 m) 
due to restricted sample sizes within categories leading to convergence issues within 
models. Distance to water was measured as the distance between the edge of each nest 
and the nearest shoreline of the island. Nest height above ground level was measured by 
placing a level across the nest, then measuring the distance from the ground to the edge 
of the level (i.e. the rim of the nest). Vegetation cover was measured from a photograph 
taken from the center of the nest, with the lens facing the sky. Pictures were then 
analyzed in Photoshop by overlaying a grid of 100 squares on each photo and 
enumerating the grids that contained vegetation to establish percent cover.  
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We also measured three weather variables: nest-specific temperature, local 
barometric pressure, and local humidity. Temperature within the nest was measured using 
HOBO temperature dataloggers. Not all nests received loggers and we therefore stratified 
placement of loggers (n = 28 nests in 2017, n = 31 nests in 2018) by nest height 
(approximate even sample of nest heights within 10 cm intervals available from 0 cm to 
140 cm). Dataloggers recorded the temperature hourly throughout each 24-hour period 
the entirety of the breeding stage or until failure, and we subsequently calculated the 
average and maximum temperatures between each nest visit (Kolbe and Janzen 2002). 
Hourly measures of barometric pressure and humidity were retrieved from NOAA’s local 
climatological data and from the Mobile Downtown Airport weather station, which is 
located on the western side of Mobile Bay near the mouth of the Dog River (Young et al. 
2017). We then calculated average and maximum values for each of these parameters for 
the time interval between each nest check from nest initiation until failure or the day the 
last chicks were classified as fledged.  
Statistical Analysis 
To calculate daily survival rates (DSR) of nests and broods during the incubation 
and chick rearing stages, we used the nest survival module in program Mark 6.0 (White 
and Burnham 1999) via the RMark package (Laake and Rexstad 2014) in R 1.1.442 (R 
Development Core Team 2014). The nest survival module models the survival 
probability (i.e., DSR) over the course of each breeding stage from capture-recapture data 
as a function of user-specified covariates using generalized linear models with a logit-link 
function and binomial errors. We chose to use DSR rather than apparent survival because 
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its incorporation of an error term allowed us to better account for temporal gaps in 
observations; however, we report both metrics to allow for comparisons to previous 
studies. 
We modeled the relationships of the fixed and dynamic habitat variables with 
DSR separately for incubation and brood rearing. We also included nest/first chick age 
and time (calculated in RMark using AgeFound and AgeDay1) as independent variables. 
We tested both linear and quadratic terms for the age and time covariates and used the 
best performing term for each variable (quadratic for age covariates in all breeding stages 
except for 2017 broods, where it was linear; linear for all time covariates) in subsequent 
models (Appendix B). We developed a suite of hypotheses to assess the relationship 
between the independent variables and daily survival rates (Table 2). Variables that were 
highly correlated (|r| ≥ 0.5) were not included in the same model and multiple global 
models were made to separate correlated values. We ran all models on the full set of 
nests, then re-ran the top performing models on the subset of nests within which 
temperature was recorded to assess whether the addition of nest-specific temperature 
variables substantially improved model fit. Temperature variables were not tested during 
chick-rearing due to the small sample size of broods that failed that also had temperature 
loggers (2017: n = 1 brood failure; 2018: n = 7 brood failures).  
We used Akaike’s information criterion (AIC) to rank the models and evaluated 
the strength of the models using normalized weights (Burnham and Anderson 2002). 
There were significant differences in fate between the years (tdf = 4.97, p  ＜0.001) and 
between breeding stages (tdf = 2.97, p = 0.003); consequently, models were run separately 
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by year and breeding stage (nest and brood). We averaged coefficients from models 
within a ΔAIC ≤ 2 of the lowest-scoring model; if models within ΔAIC ≤ 2 did not 
account for at least 80% weight, we included further models as needed to achieve a 
cumulative weight of at least 80% in the model averaged set. For independent variables 
occurring in one top performing model, we used the single coefficient and standard error 
estimates from the top performing model in our results. For independent variables 
occurring in > 1 top model, we model-averaged the coefficient estimates and standard 
error estimates. We also present coefficients as odds ratios, using formulas from 
DeCoster and Iselin (2005). Daily survival rates were calculated by model-averaging the 
DSR of the top performing candidate models for each year and breeding stage (nest 
survival from laying to incubation; brood survival from hatch to fledge). We reported 
apparent success as the total number of observed nests and broods divided by the number 
of nests and brood successful at the end of their respective breeding stage. 
Results 
During incubation, we monitored 247 nests across both study years (2017: n = 97; 
2018: n = 148). During chick-rearing, we monitored 185 broods containing 279 chicks 
(2017: nbroods = 85, nchicks = 128; 2018: nbroods = 100, nchicks = 151). The DSR (± SE) of 
nests during incubation in 2017 and 2018 was 0.9940 ± 0.002 and 0.9138 ± 0.002, 
respectively, while the apparent survival of nests to hatching was 0.86 and 0.67, 
respectively. The DSR (± SE) of broods during chick-rearing in 2017 and 2018 was 
0.9998 ± 0.0003 and 0.9952 ± 0.006, respectively, while the apparent survival of broods 
from hatch to fledge was 0.94 and 0.78, respectively.  
Nest survival 
 15 
 In 2017, three highly supported models plus one moderately-supported model (2 
≤ ΔAIC ≤ 4) comprised the 80% confidence set of models for nest survival (Table 3). 
Only one model of nest survival, which represented 99% cumulative weight, was highly 
supported in 2018 (Table 3). All highly supported models for nest survival included 
weather variables each year. In 2017, the top-ranked model was approximately 1.6 times 
as likely to be the best model compared to the second-ranked model, and approximately 
2.6 times as likely and 4.5 times as likely to be the best model compared to the third- and 
fourth-ranked models, respectively. In 2018, the global model was the top-ranked model 
and carried > 99% of the AIC weight. The global model included terms for time, habitat, 
and weather variables.  
 Average barometric pressure, average humidity, and distance to water appeared in 
all the highly-ranked models for nest survival on Gaillard Island in 2017 and 2018 (Table 
4; Fig. 2). Barometric pressure had a negative relationship with nest survival in both 
years and appeared to be stronger in 2017 compared to 2018 (Fig. 3). During incubation 
in 2017, every increase of 1 kPa of barometric pressure resulted in a 2.2-fold decrease in 
DSR and in 2018 every increase of 1 kPa of barometric pressure resulted in a 3.1-fold 
decrease in DSR. Both distance to water and average humidity appeared to have negative 
relationships with nest success as well; however, the confidence intervals (± SE) of 
coefficient estimates for these covariates included zero in 2017, suggesting the 
relationships were not strong in that year. In 2018, humidity, barometric pressure, time 
(linear), and elevation  had measurable relationships with DSR of nests (Fig. 2). Average 
temperature measured directly from nests did not have a strong influence on nest survival 
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when added to the initial models (i.e., coefficient estimates for each included zero) in 
both years, but maximum temperature significantly influenced nest DSR in 2018 (Fig. 2). 
During incubation in 2018, every increase in maximum daily temperature of 1℃ resulted 
in a 40-fold decrease in DSR (Fig. 3).  
Brood survival 
In 2017 two models comprised 99% cumulative weight for brood survival, and in 
2018 a single model comprised 99% cumulative weight (Table 4). In 2017, the top ranked 
model was 1.75 times as likely to be the best model compared to the second ranked 
model. Average humidity, average barometric pressure, and distance to water occurred in 
the top models each year. In 2018 all variables except average barometric pressure are 
included in the top model (Table 4).  
Barometric pressure had a negative influence on brood survival in 2017 and was 
not in the top model selection in 2018 (Fig. 4). In 2017 during chick-rearing, every 1 kPa 
increase in barometric pressure resulted in a 2.3-fold decrease in DSR of broods (Fig. 5). 
Average humidity had a significant positive relationship with brood survival in both years 
(Fig. 4). Every 1% increase in average humidity increased the odds of DSR of broods by 
17-fold in 2017 and 5-fold in 2018 (Fig. 5). In 2018 the variables for linear time and
quadratic age also had a measurable effect on brood survival; however, only the linear 
time variable was significant in both global top performing models for nests and broods 
in 2018 (Fig. 4). In both years, distance to water, while in top performing models, did not 
measurably affect brood success (Fig. 4). We also conducted a post-hoc analysis to 
determine if including a quadratic term for distance to water improved the fit of models 
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to DSR of either nests or brood, but the quadratic term never out-performed the linear 
term in any breeding stage or year (Appendix C).  
Discussion 
Reproductive success 
During both the 2017 and 2018 breeding seasons, DSR of Brown Pelican nests 
and broods was high, but the apparent survival from hatch or fledge appeared to vary by 
year and reproductive stage (incubation or brood) during the two years of our study. 
Apparent survival of both nests and broods appeared higher in 2017 compared to 2018. 
Although DSR of nests during incubation was ≥ 0.9  in both years (2017: 0.994; 2018: 
0.914), the apparent survival of nests in 2017 appeared higher than in 2018 (2017: 0.87 ; 
2018: 0.67). Apparent survival of broods was high in both years of our study, and DSR of 
broods ≥ 0.9 both years (2017: 0.999; 2018: 0.995). The apparent survival of broods in 
2017 also appeared higher than in 2018 (2017: 0.99 ; 2018: 0.78), but by a lesser margin 
than apparent nest success. 
Opportunities to compare DSRs and the survival among studies of Brown 
Pelicans are limited by the number of previous studies and the analytical approaches used 
in these studies (Appendix D). Two previously published projects that were similar in 
design to ours were those conducted by Schreiber (1979) at Boca Ciega Bay, Florida 
from 1969-1976 and by Blus and Keahy (1978) at Marsh Island, South Carolina from 
1969-1975. Schreiber (1979) reported apparent success of nests between 0.53 - 0.89, with 
an average apparent nest survival of 0.71 for their entire study. Blus and Keahy (1978) 
also reported an apparent nest success in healthy adult Brown Pelicans of 0.68 during 
their study. Measures of apparent success during our study were within the range of 
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apparent nest success reported by Schreiber (1979) and the lowest value we measured for 
apparent success during our study was similar to the estimate of nest success reported 
Blus and Keahy (1978). A previous project at the Gaillard Island colony by Robinson and 
Dindo in 2007-2008 reported hatching success ranging from 0 - 0.70 using the Mayfield 
method, although a direct comparison to our methods is not appropriate (White and 
Burnham 1999, Baldera et al. 2018). Overall, the apparent survival we measured for nests 
appears to be within ranges reported elsewhere and may be somewhat higher, particularly 
in 2017. The interannual differences we measured in apparent survival of nests is not 
unusual in the species. Between-year differences in success have been documented in 
Brown Pelicans in other studies, often due to interannual differences in disturbances, 
weather, and/or prey availability (Mcnease et al. 1978, Schreiber 1979, Anderson and 
Keith 1980). 
Many previous Brown Pelican studies were interested in the chick-rearing stage, 
often reporting survival and success of the individual chicks rather than broods. Schreiber 
(1979) also presented an apparent survival range of chicks from 0.16- 0.77 and Robinson 
and Dindo (2011) reported egg success, which they defined as survival of individuals 
from incubation to fledging, during their study as ranging from 0.05-0.66 with a mean 
apparent survival of 0.50. Although not directly comparable, our estimates of apparent 
survival of broods did exceed the estimates of apparent survival of chicks reported by 
Robinson and Dindo (2011). We would expect brood success to be higher than chick 
success as it is the combined success of multiple chicks from the same nest: whereas only 
one chick must fledge for the brood to be successful, chick success focused on the 
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success of individuals, and therefore has a lesser chance of succeeding. A comparison of 
apparent survival of broods between years suggests that success was higher in 2017 
compared to 2018. For example, in 2017, 5 of 85 broods failed account for approximately 
6% of the total, while in 2018, 21 of 100 broods failed, approximately 21% of the total 
and 4-fold greater loss of broods than 2017. This apparent difference suggests a year 
effect, which is not uncommon in seabirds (Murphy et al. 1991, Ranglack et al. 1991, 
Chastel et al. 1993).  
Another common metric used in previous studies is fledging success, or the 
number of chicks fledged per nest studied. Mendenhall and Prouty (1979) reported a 
range of fledging success of 0.69 - 1.44 chicks per nest from colonies along the coast of 
South Carolina and Mcnease et al. (1984) reported a range of 0 - 1.80 chicks per nest 
from colonies along the Louisiana coast. In post-hoc analysis, we calculated the fledging 
rate of nests in both years (2017 n= 1.29 ; 2018 n= 1.02) and both our values are within 
these ranges. More recent studies have also reported fledging rates, with Walter et al. 
(2013) reporting a fledging rate between 0.0 - 1.6 chicks per nest on two colonies in 
Louisiana and Lamb (2016) reporting a fledging rate range of 0.30 - 1.64 chicks per nest 
from 9 colonies located from Shamrock, Texas to Smith, FL (including Gaillard Island) 
in the Gulf of Mexico. Lamb (2016) reported a fledging rate of 1.06 chicks per nest (+/- 
0.85 SE) for Gaillard Island during 2015, which appears lower than our 2017 fledge rate 
but higher than our 2018 fledge rate.  
Environmental and nest variables 
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Several variables consistently appeared in top performing models in both years of 
the study during both incubation and chick-rearing. Weather variables (e.g., average 
barometric pressure and humidity) occurred more often and with more significance 
compared to habitat variables (e.g., nest height and vegetation cover) in the top 
performing models for both nest and brood success in 2017 and 2018. Previous studies on 
Brown Pelican nest selection in the Gulf of Mexico, including previous studies on the 
Gaillard Island colony, found that the reproductive (hatching, nest, and chick) success of 
Brown Pelicans was related to habitat variables including vegetation cover, nest height, 
and substrate beneath the nest (Ranglack et al. 1991, Robinson and Dindo 2011, Walter et 
al. 2013).  Lamb (2016) found that among seven colonies in the northern Gulf of Mexico, 
including Gaillard Island, chicks in elevated nests were in better condition and had higher 
apparent fledging success than chicks in ground nests. Our results differed from these 
previous studies in that we did not find significant relationships between most habitat 
variables and survival of nests or broods. These differences could result from differences 
in the response variables being measured: our study examined nest success using DSR, 
while other studies focused on nest site selection, chick condition, or individual fledging 
success. The differences could also be due to the addition of weather variables in our 
modeling, which were not included in the previous studies. Our results suggest that the 
effects of habitat on reproductive success may be overwhelmed by the importance of 
weather variables at least in some years. Other studies of colonial nesting birds, including 
northern species such as Greater Snow Geese (Chen caerulescens) and European Shags 
(Phalacrocorax aristotelis) and  tropical species such as Bank Cormorants 
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(Phalacrocorax neglectus), have found that weather can significantly affect reproductive 
success and survival (Dickey et al. 2008, Frederiksen et al. 2008, Sherley et al. 2011). A 
study in the Seychelles of nesting  Roseate Terns (Sterna dougallii) found that the 
influence of weather on the survival of fledged birds can override the influence of other 
important factors, such as prey availability (Ramos et al. 2002). Therefore, our results 
appear to be consistent with previous studies of colonial nesting birds that demonstrate 
that weather variables can more strongly affect reproductive success compared to habitat 
characteristics (Romos et al. 2002).  
Average barometric pressure consistently appeared in top models for both nest 
and brood survival and significantly influenced daily survival rates of eggs and broods. 
Barometric pressure negatively affected  daily survival rates of both eggs and broods, 
despite different requirements during these breeding stages. We originally posited that 
barometric pressure would have a positive relationship with reproductive success, 
assuming that a decrease in barometric pressure values would be indicative of inclement 
or stormy weather (Breuner et al. 1982). The opposite effect may occur because 
barometric pressure was not indicative of storms and severe inclement weather in our 
study area, but instead was a signal of cloudy days with occasional rain. The barometric 
pressure range for storms is commonly considered to be 98.21 - 98.88 kPa (Breuner et al. 
2013). The minimum average barometric pressure we recorded from weather station data 
was 100.77 kPa, much higher than the storm range, demonstrating that the barometric 
pressure we observed was not associated with storm conditions (Richards-Gistafson 
2017). It appears, therefore, that the negative relationship between success and 
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barometric pressure we observed could be a result of cloudy, but not stormy, days having 
a positive effect on reproductive success. For example, the shading effect of clouds could 
reduce temperature and sun exposure of eggs and chicks during the summer breeding 
season and therefore increase their daily survival. In general, increased shading, most 
often due to vegetation cover, can increase reproductive success in birds that nest in 
relatively open habitats such as Brown Pelicans and other colonial nesting seabirds like 
Black-legged Kittiwakes (Rissa tridactyla) (Murphy et al. 1991, Robinson and Dindo 
2011).  
 Average humidity also consistently appeared in top performing models and 
significantly affected nest survival in 2018 and brood survival in both years; however, the 
relationship differed among stages (a negative relationship with egg success but a 
positive relationship with brood success). We found that humidity recorded from a local 
weather station generally performed better in our models than temperature variables 
recorded within individual nests, with one exception. In 2018, humidity significantly 
affected nest survival, during the same year and breeding stage when temperature was 
also a significant predictor. Humidity and temperature can also be combined in a 
temperature-humidity index (Tarabany 2015, NC Climate Office 2018) to measure how 
the air-temperature feels and potentially affects organisms by. Given the discomfort 
experienced when these two variables are high, it is possible that humidity could 
therefore reflect the relationship between air temperature and the survival of nests and 
broods (Tarabany 2015, NC Climate Office 2018). During incubation, a negative 
relationship between nest survival and humidity could be caused by higher humidity and 
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higher temperatures creating conditions where eggs can overheat, resulting in decreased 
survival (Sherley et al. 2011, Oswald and Arnold 2012). In contrast to the negative 
relationship we observed between nest survival and humidity, we observed a significant 
positive relationship between brood success and humidity in both years. This could be 
due to an increased resilience of chicks to heat that continues as they mature to fledging. 
Being wet and chilled has been documented to have a negative relationship with chick 
success in other seabirds, particularly northern species, and it is also possible that our 
positive relationship with humidity is due to higher air temperature helping chicks stay 
dry and warm despite the frequent rain and storms in Mobile Bay (Konarzewski and 
Taylor 1989, Schreiber 2001). Few studies include humidity as a covariate for 
reproductive success, but there is support for increased brood and chick survival with 
increasing ambient temperature in colonial nesting seabirds; however, these studies 
mostly address northern nesting species where colder temperatures can be associated with 
egg or chick mortality even during the breeding season, and where temperatures are less 
likely to reach sufficiently high levels to result in heat exposure (Murphey et al. 1991, 
Dickey et al. 2008).   
The variable for time was found in top performing models in both years and 
significantly affected nest and brood success in 2018; however, the variable was not 
significant at any time during the breeding stages in 2017. Despite evidence in other 
seabird species of early nests and broods having lower survival rates (Schreiber 1970, 
Svagelj and Quintana 2011), it is possible that time was a significant predictor in 2018 
and not in 2017 due to the overall high reproductive success in 2017. While our results in 
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2018 could show that timing of nesting and hatching affected the reproductive success of 
Brown Pelicans, our results are not robust enough to provide further support for this 
hypothesis. 
Most habitat variables did not appear in top performing models for either nest or 
brood success in 2017 and 2018. However, the ‘distance to water’ variable did appear in 
all the top models for both nest and brood survival during the study, although it was 
significant only during incubation in 2018. Many studies of seabirds nesting on islands 
have found that proximity to water decreased reproductive success and recruitment, as 
wave activity, precipitation, and flooding from storm events increased the mortalities in 
nests closer to water sources (Sherley et al. 2011, Walter et al. 2013, Bonter et al. 2014). 
Despite this potential for negative effects of overwash, most Brown Pelican nests on 
Gaillard Island tend to occur on the exterior of the berm and thus are more susceptible to 
overwash (personal obvs.). Storms are frequent in Mobile Bay during the breeding season 
of Brown Pelicans, but most storms are not extreme or long-lasting (NOAA Historical 
Weather 2019). Therefore, the proximity of nests to water and resultant overwash events 
may not present as high of a risk as might be expected, which may in part explain the 
lack of a negative relationship between proximity to water and nest survival during most 
breeding stages of our study. It is also possible that the topography and structure of 
Gaillard Island, particularly the berm and the large rocks that surround the island, provide 
elevation and a physical barrier that limit the effects of flooding and storms on 
reproductive success. For example, following Tropical Storm Cindy and Hurricanes 
Harvey, Irma, and Nate in 2018, vegetation and nesting material/substrate was reduced 
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on Cat Island and Brown Pelicans did not nest there. Our data suggest that Gaillard Island 
may provide quality nesting habitat regardless of storm activity due to the elevated 
nesting, armored shoreline, and abundant shrub and nesting material. This unique set of 
habitat attributes may serve to reduce the effect and strength of micro-scale habitat 
variables on breeding success.  
Conclusions 
Our results demonstrated that regional weather events more strongly influenced 
reproductive success of Brown Pelicans compared to habitat factors during the two years 
of our study. Although previous studies of the Brown Pelican colony on Gaillard Island 
found vegetation and nest height to be important in reproductive selection and success 
(Robinson and Dindo 2011, Lamb 2016), we found that barometric pressure and humidity 
were the best predictors of nest survival from hatching to fledge. Habitat variables that 
may act in synergy with storms, such as distance to water and low elevation, improved 
model fit in some cases. Despite the lack of habitat variables in top performing models, 
we also observed that no Brown Pelicans nested on barren islands without shrubbery 
during the two years of the study, though both ground and shrub nests could be found in 
the vegetation. It is possible that variation in environment and habitat in the years 
between our studies has changed the relationships between reproductive success and the 
many variables that impact it. Storms are predicted to increase in severity and number in 
the coming years, which could negatively affect the reproductive success of the many 
seabirds that breed along the coast (Bilskie e al. 2015). Restoration, by strengthening 
breeding islands using barricades or increasing their elevation, could become increasingly 
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important to limiting the negative effects of weather and storms on the reproductive 
success on breeding seabirds. We documented differences in the effects of climate 
variables on reproductive success between nesting stages and years, suggesting a 
complex relationship between weather and Brown Pelican nest survival. More long-term 
studies are needed to determine how significant weather variables are to the reproductive 
success of Brown Pelicans, as well as the relationship between weather and habitat 
variables, to better understand the relationship between weather, habitat, and reproductive 
success of colonial nesting birds in the Gulf of Mexico.  
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TABLES 
Table 1: Habitat variables collected at nests of Brown Pelicans on Gaillard and Cat 
islands, Alabama, 2017 and 2018. 
Variable Description Data Range/ Category 
Nest height Height of nest above ground (cm) Continuous 0 – 156 cm 
Location Location of the nest, either by island 
(2017) or by location on Gaillard 
(2018) 
Discrete 2017: Gaillard or Cat 
2018: Interior or Exterior 
Substrate Material under and supporting the 
nest Discrete Rock or Ground 
Elevation Elevation of nest location (m above 
sea level) stratified using elevational 
range of nests 
Discrete 
Low, Medium, High, or 
Berm 
Distance to water Distance from the nest to the closest 
water’s edge (m) 
Continuous 1.5 – 127.7 m 
Vegetation Cover Amount of vegetation covering the 
nest (%) 
Continuous 0 - 100 % 
Humidity Average Average humidity between nest 
visits (% water vapor) from the 
nearest NOAA weather station 
Continuous 70.31 - 90.22 % 
Barometric pressure 
average 
Average barometric pressure 
between nest visits (kPa) from the 
nearest NOAA weather station 
Continuous 100.772 - 102.225 kPa 
Average temperature Average temperature within selected 
nests between nest visits 
Continuous 24.09 - 32.29 ℃ 
Maximum 
temperature 
Maximum temperature within 
selected nests between nest visits 
Continuous 31.03 - 41.07 ℃ 
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Table 2: Models assessed in relation to daily survival rates of eggs and broods of Brown 
Pelicans breeding in Mobile Bay, Alabama, 2017 and 2018. 
Model name Hypothesis Variables included 
Variables added for a 
subset of temperature 
logger nests 
Time Survival has a linear 
relationship with time 
Julian date N/A 
Age Survival has a nonlinear 
relationship with age 
Nest age* N/A 
Weather Survival has a positive 
relationship with mild weather 
Average humidity + 
Average barometric 
pressure 
... + Average temperature 
+ Maximum temperature
Storm Survival has a negative 
relationship with increasing 
storm activity 
Average humidity + 
Average barometric 
pressure + Distance to 
water 
N/A 
Location Survival has a nonlinear 
relationship with location 
Distance to water + 
Elevation + Location+ 
Julian date + Nest age* 
…
…
Habitat Survival as a positive 
relationship with habitat 
variables 
Nest height + Vegetation 
cover +Substrate + 
Julian date + Nest age*  
…+ Average temperature 
+ Maximum temperature
… … 
Null Survival is constant ~1 N/A 
Global Survival has a linear 
relationship with all variables 
All variables N/A 
Temperature Survival has a linear 
relationship with temperature 
within the nest 
Average temperature + 
Maximum temperature + 
Julian date + Nest age* 
*Quadratic age term for all years and breeding stages except for 2017 chick-rearing,
when a linear term was used
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Table 3: Top performing models of daily survival rates of nests of Brown Pelicans 
breeding in Mobile Bay, Alabama, 2017 and 2018. 
Top performing 
models △ AIC Weight Variables in model 
2017 
Weather 0.00 0.36 
Humid average + Average barometric 
pressure 
Barometric pressure 0.93 0.22 Average barometric pressure 
Storm 1.90 0.14 
Humid average + Average barometric 
pressure + Distance to water 
Storm single variable 2.87 0.08 
Average barometric pressure + 
Distance to water 
2018 
Global with Time 0.00 0.99 
Nest height + Vegetation cover + 
Humidity average + Average 
barometric pressure + Time linear + 
Distance to water + Elevation 
+Substrate + Location
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Table 4: Top performing models for daily survival rate of broods of Brown Pelicans 
breeding in Mobile Bay, Alabama, 2017 and 2018.  
Top performing 
models △ AIC Weight Variables in model 
2017 
Weather 0 0.63 
Humidity average + Average barometric 
pressure 
Storm 1.14 0.36 
Humidity average + Average barometric 
pressure + Distance to water 
2018 
Global with 
Humidity 0.00 0.99 
Age quadratic + Nest height + Vegetation cover 
+ Humidity average + Time linear + Distance
to water + Elevation + Substrate + Location
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FIGURES 
Figure 1: Study area for Brown Pelicans in the Mobile Bay complex, Alabama. Upper 
right inset show where Mobile Bay is in Alabama.  Nests of Brown Pelicans occurred on 
Gaillard Island (2017 and 2018) and Cat Island (2017). Gaillard Island, located in the 
center of Mobile Bay, is shown in the upper left inset with an outline around where plots 
were located in both years. Cat Island is just outside Mobile Bay but still protected by 
Dauphin Island, is shown in the lower left inset with an outline around where plots were 
located in 2017.  
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Figure 2: Model averaged coefficient estimates for independent variables that appeared 
in top performing models for daily survival rate of nests of Brown Pelicans breeding in 
Mobile Bay, Alabama, in both 2017 and 2018. 
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Figure 3: Box plots of values of each significant variable of Brown Pelicans breeding in 
Mobile Bay, Alabama, 2017 and 2018 by successful and failed nests. For box plots, dark 
horizontal lines represent the mean average barometric pressure value, top and bottom of 
box indicate the Q1 and Q3 quartiles, and whiskers end in the values for the first and 
third quartile. Outliers are represented as dots outside the box plots. If the variable was 
not significant during that year, the space is left blank.  
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Figure 4: Model averaged coefficient estimates for independent variables appearing in 
top performing models for daily survival rate of broods of Brown Pelicans in Mobile 
Bay, Alabama, in 2017 and 2018. 
41 
Figure 5: Box plots of values of each significant variable of Brown Pelicans breeding in 
Mobile Bay, Alabama, 2017 and 2018 by successful and failed broods. For box plots, 
dark horizontal lines represent the mean average barometric pressure value, top and 
bottom of box indicate the Q1 and Q3 quartiles, and whiskers end in the values for the 
first and third quartile. Outliers are represented as dots outside the box plots. If the 
variable was not significant during that year, the space is left blank.   
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CHAPTER THREE 
DIET OF BROWN PELICAN (PELECANUS OCCIDENTALIS CAROLINENSIS) 
CHICKS IN COASTAL ALABAMA 
Introduction 
The quantity and quality of prey can strongly affect the reproductive success of 
breeding seabirds, particularly for species with extended fledging periods (Anderson et 
al. 1982, Murphy et al. 1991, Sherley et al. 2017). Food limitation can be especially 
pronounced in colonial nesting seabirds, where high densities of breeding birds often 
deplete food resources near colonies (Schreiber and Burger 2001, Lamb et al. 2017). 
Understanding the marine habitat needs of breeding seabirds, including prey availability 
and foraging locations, can inform and improve colony management and restoration 
efforts; however, these parameters are challenging to measure in dynamic marine systems 
(Cairns 1992, Schreiber and Burger 2001). Brown Pelicans breed throughout the northern 
Gulf of Mexico and are a species of high conservation concern (Nelson 2005, Jodice et 
al. 2019). Despite the abundance and conservation interest of the species, data are lacking 
on many aspects of their reproductive ecology including diet. Recent studies have 
demonstrated that the spatial distribution of prey may be an especially important 
component of habitat quality for Brown Pelicans (Nelson 2005, Lamb et al. 2017). For 
example, Lamb et al. (2017) found that survival of Brown Pelican chicks within the Gulf 
of Mexico was positively related to feeding frequency and meal mass, but less so with 
energy content of individual prey items. Therefore, for pelicans in the northern Gulf, 
access to large quantities of prey may be a particularly important characteristic of 
breeding habitat.  
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Within the northern Gulf, Gulf Menhaden (Brevoortia patronus) are a key forage 
fish species for Brown Pelicans and other top predators (Withers and Brooks 2004, 
Sagarese et al. 2016). The availability of Gulf Menhaden to marine predators fluctuates in 
space and time: for example, studies after the Deepwater Horizon oil spill found Gulf 
Menhaden populations to have increased dramatically in the three years following the 
spill, especially within the juvenile cohort (Short et al. 2017). Because Gulf Menhaden 
appear regularly in diet samples from pelican colonies (Nelson 2005, Visser et al. 2005) 
and routinely comprise > 50% of Brown Pelican diets in Mobile Bay (Lamb et al. 2017), 
understanding factors affecting the spatial distribution and availability of this species may 
offer important insights into overall habitat quality for top predators. Moreover, 
restoration efforts targeting coastal habitat resources, seabird breeding colonies, and 
fisheries yields are ongoing in the Gulf of Mexico (Gulf Coast Ecosystem Recovery Task 
Force 2011). Improved understanding of trophic dynamics and habitat relationships is 
needed to inform these restoration efforts. Since Brown Pelicans are apex predators that 
respond to processes occurring throughout marine food webs, an improved understanding 
of the fish species that support Brown Pelican chicks in the Gulf of Mexico could aid 
management and restoration of all species. 
The goal of our study was to better understand the spatial distribution and 
abundance of marine prey resources, particularly Gulf Menhaden, that support the 
reproductive output of nesting Brown Pelicans in Mobile Bay, in the northern Gulf of 
Mexico. Our objectives were to (1) describe the taxonomic composition and proximate 
composition of meals from Brown Pelican chicks, (2) compare taxonomic composition of 
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diet samples to the species composition of prey available within Mobile Bay, and (3) use 
otoliths collected from Gulf Menhaden found in chick meals to quantify age, lifetime 
residency patterns across salinity gradients, and the habitat (i.e., freshwater vs. marine) in 
which Gulf Menhaden were captured by Brown Pelicans.  
Methods 
Study Area 
All work occurred in the Mobile Bay complex of the northern Gulf of Mexico 
(Fig. 1). Mobile Bay is a broad, shallow bay (average depth = 3 meters) fed from the 
Alabama and Tombigbee Rivers. The confluence of these two rivers forms the Mobile-
Tensaw River Delta, which flows into Mobile Bay and is the sixth-largest freshwater 
discharge in North America (Schroeder et al. 1990, Park et al. 2007). This large volume 
of freshwater discharge largely dictates the spatial location and seasonal fluctuations of 
the mixing zone between fresh and marine waters within Mobile Bay (Schroeder et al. 
1990, Farmer et al. 2013).  
In 2017, Brown Pelicans breeding occurred on both Gaillard and Cat Islands and 
we collected data from both colonies (Fig. 1). Gaillard Island (30° 30′ N, 88° 02′ W), 
located in the center of Mobile Bay, is 2.6 km at maximum width and 3.6 km at 
maximum length with a rock-enforced perimeter and a berm (Robinson and Dindo 2011, 
personal observ.). Constructed by the Army Corps of Engineers in 1979, Gaillard Island 
has supported many breeding seabirds, including approximately 3,000-4,000 nesting pairs 
of Brown Pelicans. Cat Island (30° 19’N, 88° 12’W) is a shell-midden island with a 
vegetated center, approximately 0.45 km long and 0.09 wide, and supported a breeding 
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population of 200 nesting pairs of Brown Pelicans from 2015-2017 (Robinson and Dindo 
2011, personal observ.). We combined the Gaillard and Cat Island diet samples in 2017 
for our analysis, as the diet samples collected from the two islands did not differ (species 
richness X2 = 0.59, p = 1.0; number of individual items X2 = 13.0, p = 0.78; mass of meals 
X2 = 35.2, p = 0.60; energetic content of meals X2 = 35.2, p = 0.57) (Appendix E). Cat 
Island did not support any breeding Brown Pelicans in 2018, therefore all samples from 
2018 were collected from Gaillard Island.  
Brown Pelican Diet 
Since recently-fed pelican nestlings regurgitate their meals as a defense 
mechanism when approached, we collected diet samples opportunistically, during routine 
handling and colony visits, from chicks aged ca. 21 - 80 days. There was a difference in 
the phenology of hatching between years. The average hatch date was 31 May 2017 and 6 
May 2018. While this changes the months when chick diets were sampled between years 
(2017:  June 1 - August 7; 2018: May 21 - July 10), we suggest interannual comparisons 
are valid as all diet samples were collected over 3 months of chick maturation to fledging 
and all chicks that provided samples for diet collections were approximately the same age 
between years. To limit disturbance to individuals, we did not sample any nest more than 
once per week and avoided chicks that appeared to be in poor health or underweight.  
Regurgitated meals were placed in plastic bags, labelled, stored in a cooler while 
in the field, and subsequently frozen until lab analysis. In the laboratory, diet samples 
were thawed in a warm water bath. Once thawed, all fish were dried, identified to 
species, and photographed. Species identification was based on McEachran & Fechhelm 
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(2010) and fish were identified to the lowest taxonomic order possible. The fish from 
each meal (n = 73 meals, n = 1268 individual fish) were then classified as whole (fish 
was complete; 14% of individuals), partial-whole (fish was in relatively good condition 
with only a part of the tail or head missing; 31% of individuals), or partial (fish was 
missing part of body, normally head or stomach contents; 55% of individuals). Any fish 
decayed beyond our classifications and unable to be identified were not included in 
analysis. While all fish were identified and counted for the species composition of each 
meal, only fish that were whole or partial-whole were used in subsequent analyses (Lamb 
et al. 2017).  
Proximate composition 
Fish classified as ‘whole’ or ‘partial whole’ underwent  proximate composition 
analysis (n = 737 individuals; 58% of individual fish) using methods described in 
Anthony et al. (2000). We first measured wet mass (± 0.1 mg) on an analytical balance 
(Mettler Toldeo New ClassicMF scale Model ML104 /03). Samples were then placed in a 
drying oven at 60℃ to obtain dry mass. Dry mass was considered stable when two 
consecutive daily measures of mass were within 5 mg (range: 14 - 25 days; average 17 
days). Dried fish were homogenized using mortar and pestle and placed in a thimble for 
lipid extraction. Lipids were extracted using approximately 250 ml of a 7:2 hexane: 
isopropyl solution in a soxhlet apparatus for ≤10 hours until the solution appeared clear 
and lipid was no longer being extracted. Samples were then dried for 4 hours and 
weighed to determine lean dry mass (± 0.1 mg). Lean dry samples were then ashed in a 
muffle furnace at 60℃ for 12 hours. Samples were weighed, and the weight of the 
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remaining ash subtracted from pre-ashing sample weight to determine ash-free lean dry 
mass, which consists almost exclusively of proteins (Anthony et al. 2000). Energy 
density was calculated as the sum of lipid and protein energy using the appropriate 
energy equivalents (lipids: 39.5 kJ g−1; proteins: 17.8 kJ g−1; Schmidt-Nielsen 1997).  
For samples containing many (≥ 100 individuals) small fish of the same species 
(~9% of all diet samples), we weighed and analyzed a subsample of 10 randomly chosen 
whole fish using the same methods described above. We then counted the total number of 
individuals in the overall diet sample and calculated the weight of the whole sample by 
multiplying the mean weight of the 10 randomly selected fish by the total number in the 
sample. When a fish could be identified to species but was not complete enough to 
undergo proximate composition analysis (i.e., was classified as partial or below), we used 
the average weights and energy contents from whole and partial-whole fish of the same 
species. From this we calculated the energy content of meals collected from Brown 
Pelican chicks by summing the energy content of all fish within a meal (i.e., all the 
individual items collected from a chick on a single visit). We used t-tests to determine if 
energy density, percent of lipid energy in meals, and percent of protein in meals differed 
by year. We were unable to assess these variables at a monthly scale due to unbalanced 
sample sizes among months each year.  
2017 Prey Availability and Selectivity  
The Alabama Department of Conservation and Natural Resources Marine 
Resources Division (AL MRD) provided fishery-independent monitoring data from sites 
sampled in Mobile Bay, Mississippi Sound, and adjoining coastal rivers, which we 
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considered to represent availability of marine prey within Mobile Bay for nesting Brown 
Pelicans. These data included catch and effort data from an annual gillnet survey 
conducted in the open waters of Mobile Bay, and a baitfish survey conducted in the 
coastal rivers draining into Mobile Bay. The two surveys do not overlap spatially, and 
likely cover the majority of potential Brown Pelican foraging areas in the coastal 
tributaries and open waters of Mobile Bay; however, Brown Pelicans have been 
documented to have large foraging ranges during the breeding season (Shields 2014, 
Lamb et al. 2017), so it is likely that the foraging range of the Brown Pelicans nesting in 
Mobile Bay and used in this study extends beyond the geographic range of our 
data.  Despite these geographic limitations, we chose to compare diet samples to prey 
availability in Mobile Bay because Brown Pelicans sampled for this project were 
breeding in Mobile Bay, making it a core foraging area, and because previous studies 
provide evidence that Brown Pelicans rely on nearby foraging areas (Nelson 2005, Visser 
et al. 2005). 
Gillnet collections were conducted using a stratified random design. Sampling 
was stratified across five designated sampling areas spanning all of Alabama’s inshore 
coastal waters (Fig. 2). Net type (small or large mesh) and sites were randomly selected 
within each sampling area during each calendar month. Small mesh gillnets were 
composed of five panels (2.4 x 45.7 m each; 228.6 m total length) of graduated mesh 
sizes beginning with a 50.8 mm stretch mesh and increasing by 12.7 mm up to 101.6 mm. 
Large mesh gillnets were composed of four panels (2.4 x 45.7 m) of graduated mesh sizes 
ranging from 114.3 mm to 152.4 mm stretch mesh. All fish collected in gillnets were 
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identified to species, counted, and up to 10 individuals of each species were measured for 
length (mm) to give a representative ranges of the sizes collected. 
Baitfish surveys were conducted monthly in seven coastal rivers draining into 
Mobile Bay (Fig. 2). In each river 4 – 8 samples were collected each month (one sample 
collected every ~ 2 km moving upstream). Samples were collected with a bow mounted 
3.4 m trawl with 0.3 x 0.6 m aluminum doors pushed for 5 minutes at 2.5 knots. Fish 
collected in the baitfish surveys were separated by species, counted, and up to 20 
randomly selected individuals were measured for length (mm) and weight (g). If more 
than 500 individuals of a given species were collected, a total mass value was recorded 
by combining all individuals. For these samples, the total mass was divided by the mean 
individual weight (collected from 20 individuals) to determine the total count for a given 
species.  
We used both gillnet and baitfish surveys to approximate the availability of fish 
prey for Brown Pelicans nesting in Mobile Bay during 2017. We assessed the 
appropriateness of the survey data by comparing the length of fish captured in surveys 
and the length of fish in diets with a Kolmogorov-Smirnov test (Massey 1951). We 
omitted from subsequent analysis fish captured during surveys > 250 mm as no fish 
larger than this length was found in Brown Pelican diet samples (Fig. 3). When 
combining gillnet and baitfish surveys, we used the multi-gear mean standardization 
(mgms) approach by Gibson-Reinemer et al. (2017) to calculate an average catch per unit 
effort (CPUE) across the two surveys. These CPUE values were then used to calculate 
the monthly abundance of each species within Mobile Bay, or pi.  
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We analyzed prey selection by month during 2017. For this analysis, selectivity 
was calculated as Wi=ri/pi, with ri as the percent of prey item i by amount of individuals in 
the diet and pi as the percentage of the prey item i available. Wi  is the selectivity index 
where values ≤ 1 indicate the prey was not selected for, while values ≥ 1 indicate 
selection for this species (Rose et al. 2016).  i was calculated using the taxonomic 
composition of the diet samples collected from chicks, and pi was calculated using data 
from taxonomic composition of the diet samples collected from AL MRD survey data.  
Gulf Menhaden Otolith Aging and Chemistry 
We collected 360 Gulf Menhaden (2017 n = 286; 2018 n = 74) from pelican 
meals. Sagittal otoliths were removed from Gulf Menhaden (total n = 90 individuals; 
2017 n = 62 individuals, 2018 n = 28 individuals) prior to initiation of proximate 
composition analysis. Both otoliths were removed when possible, but for some 
individuals only a single otolith was collected. After removal, otoliths were stored in 
individually labeled vials at room temperature until all fish had been processed. Otoliths 
were then embedded in epoxy resin and cut with an Isomet saw into a transverse section, 
which was then mounted on a glass slide. We then polished the otolith section with 320-
grit, 600-grit, and 800-grit sandpaper until the core of the otolith was exposed and the 
surface smooth and clean (Ludsin et al. 2006, Lowe et al. 2009). From the removed 
otoliths, 68 otoliths (75.6% of total otoliths) were used for aging and 79 otoliths (87.8% 
of total otoliths) were used in subsequent chemistry analysis; remaining otoliths were 
cracked or otherwise damaged during processing which made them unusable.  
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We used an age-length key to assign ages to all Gulf Menhaden from Brown 
Pelican diets. We measured and photographed the mounted otoliths and counted the 
annuli on the otoliths using a microscope to age the individual. Gulf Menhaden were 
assigned an age of 0 (spawned in the same calendar year), 1 (spawned in the previous 
year), or 2 (spawned two years ago); no Gulf Menhaden aged were aged ≥ 3 years. After 
aging Gulf Menhaden with otoliths, we used multinomial logistic regression to fit 
proportions at age across 10 mm length bins. From this model we obtained smoothed 
predicted proportions at age for each 10 mm length bin. We used these predicted 
proportions to probabilistically assign unaged Gulf Menhaden an age based on observed 
total length, using the method by Isserman and Knight (2005) to resolve confounding 
issues of fractionality (Fig. 4).  
To determine the natal origins and the environmental conditions (i.e., freshwater, 
estuarine, or marine) occupied by Gulf Menhaden at the time of capture, we analyzed 
otolith chemistry from Brown Pelican diets. Elemental concentrations in Gulf Menhaden 
otoliths were quantified using an Agilent 7700x quadrupole ICPMS coupled to a 213 nm 
Nd:YAG NWR laser, at the Dauphin Island Sea Lab (DISL) instrumentation lab. Laser 
microsampling was conducted along straight-line transects from the core of the otolith to 
either the dorsal or ventral edge of the otolith, along the sulcal grove, to provide a trace 
element composition for the entire life of the individual (Lowe et al. 2009, Farmer et al. 
2013). We quantified trace element concentrations for strontium (88Sr), and calcium (43Ca) 
every 0.6 s for each element across the core-edge otolith transect. Strontium was chosen 
as an elemental marker due to previous studies in Mobile Bay, which have found that Sr 
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is a suitable marker for salinity exposure in this system (Farmer et al. 2013; Nelson et al. 
2018). For laser ablation, we used a 25 µm spot size that moved across the otolith at a 
speed of 5 µm s-1, resulting in an elemental measurement approximately every 3 µm 
across the otolith. As a final cleaning step, a pre-ablation pass was performed with 20% 
energy, 5 Hz repetition rate, 40µm spot size, and 100 µm/sec scan speed before each 
ablation, that used 30% energy, 10 Hz repetition rate, and reported spot and speeds 
above. After pre-ablations, sixty seconds of background signal were obtained before each 
ablation and duplicate runs of the NIST-612 were run before analysis and after each 
subsequent hour. Analytical precision was assed using the NIST-612 and the relative 
standard deviation (RSD) of 88Sr. The Trace Element IS data reduction scheme in Iolite 
was used to calculate limits of detection, remove background signal, correct for 
instrument drift, and convert raw elemental counts to concentrations (ppm), using Ca as 
an internal standard (37.69%) and the NIST-612 as the CRM (Longerich et al. 1996; 
Paton et al. 2011). Concentrations of Sr were converted to molar ratios with Ca before 
analysis and are reported as Sr:Ca umol/mmol or Sr:Ca x 103.   
The Sr:Ca ratios across the lifetime of the individual were then smoothed in Excel 
using the Visual Basic for Application regime shift detection (Rodionov 2004). We then 
classified the proportion of time spent in fresh and saltwater during the life of the 
individual Gulf Menhaden using strontium and calcium ranges from similar menhaden 
and shad species: 0.2 - 1 Sr:Ca umol/mmol as ‘freshwater’, 1 – 1.5 Sr:Ca as ‘estuarine’ 
and 1.5 - 2.5 as ‘marine’(Gahagen et al. 2012). We classified the inner 30 um of otolith as 
the core, which serves as an indicator of the natal environment in which a fish was 
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spawned and within which it was hatched, and the last 30 um of otolith as the edge, 
which serves as an indicator of the environment (i.e., freshwater vs. marine) a given Gulf 
Menhaden inhabited during the 1-2 weeks immediately prior to capture. We modeled 
edge otolith signatures in two steps to determine if the probability of Gulf Menhaden 
being captured in freshwater versus estuarine environments differed between years (2017 
and 2018) or day of year (date of diet collection). First, we modeled edge otolith 
signatures from only individual Gulf Menhaden collected from meals that included other 
Gulf Menhaden with meal identification as a random effect, to account for a potential the 
lack of independence among fish collected in the same meal (full model, glmmML 
package within R). Second, we modeled edge otolith signatures of all Gulf Menhaden 
collected in diets with a less complicated model (reduced model, glm package within R). 
Both generalized linear mixed models used binomial logistic regression to model edge 
classification by year and day of the year. 
Results 
Brown Pelican Diet  
We collected 73 diet samples, or meals, containing 1,268 individual fish from 
opportunistically sampled Brown Pelican chicks between 2 weeks to 10 weeks post hatch 
(2017: 41 meals with 687 individual fish; 2018: 32 meals with 540 individual fish). We 
identified 11 fish species in diet samples from 9 families (2017: 5 species within 4 
families; 2018: 10 species within 8 families) which comprised approximately 11.3 kg of 
prey. In 2017, Gulf Menhaden contributed approximately 90% of the weight and 60% of 
the total energy content of meals (Table 1). In 2018, Gulf Menhaden contributed 
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approximately 50% of the weight and 53% of the energy content of meals (Table 2). 
Most meals (86.3%) contained a single fish species, 8.2% contained two species, 4.1% 
contained three species, and 1.4% contained four species.  
Total energy content from diet samples (n =1,268  individual fish) was 2,347 kJ in 
2017 (n = 692 individual fish) and 775 kJ in 2018 (n = 576 individual fish). In 2017 
average energy content of meals appeared highest in August, and in 2018 energy content 
of meals appeared highest in June; though unbalanced sample sizes among months in 
each year prohibited additional analyses at that scale. The average energy content per 
meal was higher in 2017 (57.4 kJ; range = 4.3 - 831.5 kJ) compared to 2018 (24.2 kJ; 
range = 4.1 - 149.5 kJ) (Table 3; t = 99.3, df = 5, p < 0.01). In both years, the average 
amount of energy from protein per meal was higher than the average energy from lipids 
per meal (Table 3). The percent of lipid energy per meal differed between years (t = 
427.0, df = 5, p < 0.01) and the percent of protein energy per meal differed between years 
(t = 406.8, df = 5, p < 0.01). In both years, Gulf Menhaden accounted for the highest 
proportion of dietary energy among all prey species, comprising approximately 56% and 
53% of total energy content in 2017 and 2018, respectively. Bay anchovies (Anchoa 
mitchilli) accounted for the second-highest percentage in both years, comprising 
approximately 41% and 21% of the total energy content in 2017 and 2018, respectively. 
Energetic content contributed by species varied from 3.38 kJ to 964.19 kJ in 2017 and 
from 5.16 kJ to 440.60 kJ in 2018 across all chick meals (Tables 1 and 2).  
Prey Availability and Selectivity in 2017 
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There was a significant difference in the distributions of lengths of fish collected 
from surveys in Mobile Bay compared to fish collected from diets (Kolmogorov-Smirnov 
D = 0.47, p < 0.001; Fig 3). We report the CPUE  values for all species in Appendix F, 
and Figure 5 presents CPUE for diet items of pelicans by month. Gulf menhaden were the 
most abundant species collected in 2017 (CPUE = 3.129), followed by Atlantic croaker 
(Micropogonias undulatus; CPUE = 0.974), hard-head catfish (Ariopsis felis; CPUE = 
0.688), and spot (Leiostomus xanthurus; CPUE = 0.547). From species found in chick 
meals, Gulf Menhaden had the highest CPUE in each month of 2017 (Fig. 5). 
Selectivity indices appear in Table 4. In June and August 2017 diet samples 
included only menhaden, and in each month, pelicans selected for menhaden (SI = 1.44 
and 4.97, respectively). In July, five species were found in Brown Pelican chick meals. 
Gulf Menhaden and Bay anchovies were selected for in July (SI = 2.88 and 1.55, 
respectively), while Atlantic croaker, spot, and gafftopsail catfish (Bagre marinus) were 
avoided (Table 4).  
Gulf Menhaden  
Gulf Menhaden occurred in 92.7% of meals collected in 2017, and in 65.6% of 
meals in 2018. In both years, over 90% of all Gulf Menhaden found in Brown Pelican 
meals were age 0 and 1 (2017: 95%, 2018: 90%; Fig. 6). In 2017, the most abundant age 
class was age 1, which included 63.2% of all Gulf Menhaden, while in 2018 the most 
abundant age class was age 0 which comprised 50.8% of all Gulf Menhaden in meals. In 
both years, Gulf Menhaden in age class 2 represented the least abundant age class in 
Brown Pelican chick meals (< 10%).  
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Otolith chemistry indicated that, in both years, Gulf Menhaden spent 
approximately 60% of their lifespans in freshwater compared to less than 6% of their 
lifespans in marine systems. Approximately 89% of cores from otoliths had a freshwater 
or estuarine signature compared to 11% of otoliths with a marine signature (Table 5). In 
the outer layers of the otolith (i.e., recent locations of menhaden), we found no marine 
signatures in any Gulf Menhaden in either year (Table 5). A clear majority of edge 
signatures in both years were freshwater (91.1%); other signatures found at the edge of 
otoliths were estuarine (8.8%). Generalized mixed modeling of the edge signatures found 
no significant effect of capture date on the habitat signature of the environment within 
which an individual was captured (full model z = 1.4, P = 0.14; reduced model z = 1.2, P 
= 0.2). There was, however, a slight difference in the capture environment of Gulf 
Menhaden between years (full model z = 2.1, P = 0.04; reduced model z = 1.8, P = 0.06). 
In 2017, the capture environment was more likely to be estuarine, while in 2018 the 
capture environment was more likely to be freshwater. 
Discussion 
Brown Pelican Diet  
Overall, few of the available species (10 of 57 total species) within Mobile Bay 
were represented in our diets. This could be due to restrictions in Brown Pelican foraging, 
such as a maximum foraging depth of 1 m, which restricts the access of Brown Pelicans 
to many prey species (Shields 2014). A previous study in Louisiana of Brown Pelican 
habitats and chick diets found 5 prey species, and all individuals were less than 250 mm 
in length (Visser et al. 2005). Our diet samples were similar with a greater number of 
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species (11 species across both years) and no individuals greater than 250 mm in length, 
which we used as a length cutoff for available prey in our selectivity analysis. Lamb et al. 
(2017) found 46 prey species in 641 chick meals collected from colonies between Corpus 
Christi Bay, Texas and Apalachicola Bay, Florida (including Gaillard Island). This 
species count is significantly higher than either Visser et al. (2005) or our study; this is 
likely due to the larger geographic scope of the study, and the fact that prey species 
common in pelican diets elsewhere in the Northern Gulf may not be available in Mobile 
Bay. Lamb et al. (2017) also reported 16 species in chick meals from Gaillard Island, 
with most additional species being either marine species, such as mackerel (Auxis 
thazard) and sardines (Harengula jaguana) , or possible by-catch species, such as shrimp 
(Farfantepenaeus duorarum) and squid (Lolligunculla brevis; Lamb et al. 2017 data 
release). 
Approximately 85% of the chick meals collected contained a single species. This 
is likely due to the foraging strategy of Brown Pelicans, which use their large gular 
pouches to scoop-forage and catch multiple fish in one dive (Nelson 2005). Due to this 
adaptation, previous studies have found that Brown Pelicans depend on abundant species, 
bringing chicks large quantities of prey rather than high energy prey (Nelson 2005, 
Shields 2014, Lamb et al. 2017). It is possible that the prevalence of single-species meals 
is due to selection by Brown Pelicans for large schools of prey, which are often 
monospecific, rather than high quality individual prey items (Pavlov and Kasumyan 
2000, Nelson 2005).  
Proximate Composition 
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During the two years of our study, we documented between-year differences in 
energy and species composition of pelican chick meals. The average energy of individual 
meals was greater in 2017 than in 2018, with greater variation in energetic content per 
meal. Along with higher average energy content and biomass, meals in 2017 contained a 
lower diversity of species, with a greater percentage of the total mass (90%) comprised of 
Gulf Menhaden. These differences coincided with interannual differences in overall 
reproductive success, with a higher rate of successful reproduction in 2017 (Chapter 1 of 
this thesis). While we did not formally assess the relationship between reproductive 
success and chick provisioning, previous studies (e.g., Lamb et al. 2017) have found a 
strong association between the proportion of Gulf Menhaden and other Clupeid fish 
species and fledging success. Our data also support the findings of Lamb et al. (2017) 
that Brown Pelican prey in the Gulf of Mexico contain a relatively low proportion of 
energy in lipids, with most energy from proteins. In both years, Gulf Menhaden and Bay 
Anchovies represented the largest proportions of Brown Pelican chick meals by both 
weight and energy content. These species and similar species have also been documented 
as important prey for breeding Brown Pelicans in both the Gulf of Mexico and California 
(Anderson et al. 1982, Nelson 2005, Visser et al. 2005, Lamb et al. 2017). 
Prey Availability and Selectivity in 2017 
The Kolmogorov-Smirnov test indicated that there was a difference between 
lengths of fish found in meals compared to the lengths of fish found in Mobile Bay in 
2017. This result does not explain how and where differences occur; however, a 
histogram of both length distributions (Fig. 3) suggests a greater amount of fish with 
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length ＜ 50 mm and ＞ 150 mm available in Mobile Bay compared to fish collected 
from meals of Brown Pelican chicks. In 2017, Gulf Menhaden were the most abundant 
forage fish encountered in surveys of Mobile Bay, and in all three months of meal 
collection, Brown Pelicans showed a strong selection for the species. In July, chick meals 
contained several prey species, although pelicans only selected for Gulf Menhaden and 
Bay anchovies. This supports previous studies that have found both species are important 
prey species for Brown Pelicans (Nelson 2005, Visser et al. 2005). While the other 
species in the diet were avoided in relation to their availability, their CPUE was highest 
in July. It may be that an increase in abundance of many species in July led to an increase 
in the diversity of meals due to the generalized foraging of Brown Pelicans. 
Gulf Menhaden 
Even though Brown Pelicans utilize various prey species when they are abundant 
(Anderson et al. 1982, Nelson 2005), our study found that Gulf Menhaden are 
consistently predominant in the diets of Brown Pelican chicks, comprising close to half 
the weight and energy in chick meals during both study years. Our results support 
previous studies documenting the importance of Gulf Menhaden to Brown Pelicans 
(Nelson 2005, Visser et al. 2005, Lamb et al. 2017). Over 90% of the Gulf Menhaden we 
encountered in Brown Pelican chick meals were ≤ 1 year old, which suggests that 
juvenile Gulf Menhaden are a particularly important dietary item for Brown Pelicans. 
Juvenile Gulf Menhaden preferentially occupy shallow estuarine nursery waters, which 
could increase their availability to foraging Brown Pelicans relative to that of older 
individuals which generally occupy deeper waters (Deegan and Thompson 1987). The 
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commercial fishery for Gulf Menhaden in the Gulf of Mexico, which is the second largest 
for all fished species in tonnage in the United States, targets adult rather than juvenile 
Gulf Menhaden (Visser et al. 2005); therefore, commercial fishing pressure may increase 
the relative availability of juvenile Gulf Menhaden for predators. Given the high number 
of Gulf Menhaden in the Gulf of Mexico, the abundance of juveniles, and the depth 
limitation of Brown Pelican foraging, it is unlikely commercial fisheries and Brown 
Pelicans are targeting the same portions of the Gulf Menhaden population (Nelson 2005, 
Short et al. 2017).  Among juvenile Gulf Menhaden in pelican diets, the predominant 
year class changed between study years, from age class 1 year in 2017 to age class 0 year 
in 2018.  
Otolith analyses indicated that the Gulf Menhaden in Brown Pelican chick meals 
occupied primarily fresh or estuarine waters. Gulf Menhaden from chick meals in both 
years spent approximately 60% of their lifespans in freshwater, and less than 6% of their 
lifespans in marine systems. As juvenile Gulf Menhaden occupy primarily estuarine 
nursery grounds, this dominance of freshwater signatures is expected (Deegan and 
Thompson 1987). Because the nearest ecosystem with freshwater and estuarine 
environments to the colonies we studied is Mobile Bay, the data suggest that the Gulf 
Menhaden found in chick meals likely inhabited Mobile Bay; however, it is important to 
note that our signatures do not provide a specific point of origin. The predominance of 
juvenile Gulf Menhaden in our chick meals could also suggest that Brown Pelicans are 
foraging within Mobile Bay, or another freshwater to estuarine system, given that adult 
Gulf Menhaden are offshore during the summer months and juvenile Gulf Menhadens 
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preferentially prefer shallow estuarine systems like Mobile Bay. Mobile Bay may also 
provide an opportunity for adults to forage nearby the colony, potentially enhancing their 
ability to maintain adequate levels of meal deliveries to chicks.  We did not find marine 
signatures in the outer edges of any otoliths, further suggesting that chick-provisioning 
Brown Pelicans captured Gulf Menhaden primarily in freshwater and estuarine 
environments in Mobile Bay. 
Other studies of Gulf and Atlantic Menhaden (Chesney et al. 1998; Schaffler et al. 
2014) have found that Sr:Ca ratios in the otolith can serve as suitable proxies of salinity, 
as is commonly observed across a variety of species and estuaries (Bath et al. 2000). 
Additionally, water chemistry samples from Mobile Bay indicate that ambient Sr 
concentrations are positively related to ambient salinity (Farmer et al. 2013, Nelson et al. 
2018), further supporting the suitability of otolith Sr as proxy for salinity exposure in this 
system. Our threshold Sr:Ca values for assigning periods of freshwater, estuarine, or 
marine residency were borrowed from previous work on Alewife (Alosa 
pseudoharengus) and Blueback Herring (Alosa aestivalis; Gahagan et al. 2012), which 
along with Gulf Menhaden are members of the Clupeidea family. These Sr:Ca threshold 
values are also similar to those determined from other studies of  diadromous alosines 
(Limburg 1995; Lochetet al. 2008).  While these Sr:Ca thresholds seem reasonable based 
on previous work with similar species, additional field or controlled laboratory 
experiments could help refine our Gulf Menhaden Sr:Ca threshold values to account for 
system- or species-specific differences. 
Conclusion 
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Our study adds to a growing body of research highlighting the importance of 
small forage fish, particularly juvenile Gulf Menhaden, in the diets of upper trophic level 
predators in the Gulf of Mexico (Nelson 2005, Sagarese et al. 2016, Lamb et al. 2017). 
Given the apparent availability of nesting habitat available on Gaillard Island, it may be 
that one limiting factor for the size of the colony is food availability and the carrying 
capacity of coastal Alabama for this large colony of nesting Brown Pelicans (Robinson 
and Dindo 2011). Therefore, a better understanding of the relationship between prey 
availability and prey use by Brown Pelicans across different salinity gradients may 
provide stakeholders with information needed to better manage and restore colonies in 
the northern Gulf of Mexico. By integrating datasets and techniques from fisheries 
biology, we were able to explore additional facets of the menhaden-pelican relationship 
including the predominance of juvenile menhaden in pelican diets and the importance of 
estuarine habitats to forage fish. Our results suggest that integrating fisheries and seabird 
biology can provide unique insights into trophic relationships and help to inform 
conservation decisions. With a suite of restoration and monitoring activities ongoing or 
planned for the near future, data from such interdisciplinary research may better inform 
ecosystem-scale activities more broadly compared to approaches with a narrower focus 
(Cairns 1992, Visser et al. 2005, Jodice et al. 2019).  
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TABLES 
Table 1: Summary of diet samples of chicks of Brown Pelicans collected on Gaillard and 
Cat islands, Alabama, June - August 2017. See Methods for descriptions of techniques 
used to measure mass and energy content.  
Species 
# of 
individuals 
Total 
weight 
(g) 
% of weight 
in each 
species 
Average 
weight per 
individual 
(g) 
Total 
energy 
content 
(kJ) 
% of energy 
in each 
species 
Average 
energy content 
per individual 
(kJ) 
Anchoa mitchilli 385 364.57 5.11 0.95 964.19 40.98 2.50 
Brevoortia patronus 286 6432.12 90.13 22.49 1315.83 55.93 4.60 
Micropogonias 
undulatus 17 332.00 4.65 19.53 69.30 2.94 4.08 
Leiostomus 
xanthurus 3 NA* NA* NA* NA* NA* NA* 
Bagre marinus 1 7.79 0.11 7.79 3.38 0.14 3.38 
* Fish were identified but proximate composition was not measured due to poor condition of samples
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Table 2: Summary of diet samples of chicks of Brown Pelicans collected on Gaillard and 
Cat islands, Alabama, May - July 2018. See Methods for descriptions of techniques used 
to measure mass and energy content.  
Species 
# of 
individuals 
Total 
weight of 
meals (g) 
% of 
weight in 
each 
species 
Weight per 
individual 
(g) 
Total 
energy 
content of 
meals (kJ) 
% of 
energy in 
each 
species 
Energy 
content per 
individual 
(kJ) 
Anchoa mitchilli 426 422.48 10.18 9.92 162.84 20.52 0.38 
Brevoortia patronus 111 2094.35 50.47 188.68 421.99 53.18 3.80 
Chloroscombrus 
chrysurus 19 848.61 20.45 446.64 130.91 16.50 6.89 
Micropogonias 
undulatus 14 749.20 18.06 535.14 72.54 9.14 5.18 
Coryphaena equiselis 1 34.81 0.84 348.08 5.16 0.65 5.16 
Leiostomus xanthurus 1 NA* NA* NA* NA* NA* NA* 
Mugil cephalus 1 NA* NA* NA* NA* NA* NA* 
Peprilus alepidotus 1 NA* NA* NA* NA* NA* NA* 
Trichiuridae spp. 1 NA* NA* NA* NA* NA* NA* 
Cynoscion arenarius 1 NA* NA* NA* NA* NA* NA* 
* Fish were identified but proximate composition was not measured due to poor condition of samples 
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Table 3: Average mass (g), energy content (kJ), and proximate composition of  meals of 
chicks of Brown Pelicans sampled on Gaillard and Cat islands, Alabama, 2017 and 2018. 
Details for each metric are described in Methods.  
Year Month 
# of 
meals 
Average 
mass per 
meal (g) 
Standard 
error 
Average 
lipid 
energy per 
meal (kJ) 
Standard 
error 
Average 
protein 
energy per 
meal (kJ) 
Standard 
error 
Average 
total 
energy per 
meal (kJ) 
Standard 
error 
 June 5 30.61 12.14 5.45 2.03 12.00 4.06 17.45 6.08 
2017 July 33 39.95 5.09 10.68 2.51 45.90 22.94 55.93 24.75 
 August 3 71.24 2.50 37.65 4.46 103.28 5.61 139.79 7.48 
 
Yearly 
mean 41 41.10 4.96 12.02 3.21 45.96 19.21 57.37 21.17 
 May 7 18.70 5.15 2.86 0.63 8.60 4.88 11.46 5.21 
2018 June 19 38.53 5.97 13.49 3.01 20.40 4.99 33.90 7.5 
 July 6 23.84 4.81 4.31 0.68 4.22 0.96 8.52 1.56 
 
Yearly 
mean 32 32.99 4.20 9.44 2.05 14.79 3.45 24.23 5.17 
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Table 4: Diet composition of meals of chicks of Brown Pelicans collected on Gaillard 
and Cat islands, Alabama and selectivity of prey items in relation to availability within 
Mobile Bay in 2017. ri is the percentage of prey item i in the diet of Brown Pelican 
chicks; pi is the percentage of prey item i in the environment determined from trawls and 
gillnet surveys (see Methods); Wi is the selectivity index where values ≤ 1 indicate 
avoidance, while values ≥ 1 indicate selection. Species found in the environment but not 
in the diet are not reported, but can be found in Appendix F. 
Month Species ri pi Wi 
June Brevoortia patronus 1.00 0.70 1.44 
 Brevoortia patronus 0.90 0.31 2.88 
 Anchoa mitchilli 0.06 0.04 1.55 
July Micropogonias undulatus 0.04 0.17 0.21 
 Bagre marinus ﹤0.01 0.01 0.21 
 Leiostomus xanthurus 0.01 0.14 0.05 
August Brevoortia patronus 1.00 0.20 4.97 
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Table 5: Assignment of natal origin (otolith cores) and environment of capture (otolith 
edges) of Gulf Menhaden collected from Brown Pelican meals during summer 2017 and 
2018 in Mobile Bay, Alabama.  
 2017 2018 
% found during both 
years 
Cores    
Freshwater 17 9 33% 
Estuarine 31 13 56% 
Marine 7 2 11% 
Edges    
Fresh water 52 20 91% 
Estuarine 3 4 9% 
Marine 0 0 0% 
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FIGURES 
 
Figure 1: Study area for Brown Pelicans in the Mobile Bay complex, Alabama. Upper 
right inset show where Mobile Bay is in Alabama. Nests of Brown Pelicans occurred on 
Gaillard Island (2017 and 2018) and Cat Island (2017). Gaillard Island, located in the 
center of Mobile Bay, is shown in the upper left inset with an outline around where plots 
were located in both years. Cat Island is just outside Mobile Bay but still protected by 
Dauphin Island, is shown in the lower left inset with an outline around where plots were 
located in 2017.  
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Figure 2: Study area for the Mobile Bay complex, showing locations of surveys 
conducted by Alabama Marine Resources Division. Baitfish surveys occurred in the 
Mobile-Tensaw River Delta at the Spanish River, Dog River, East Fowl River, Fish River 
(tributary to Week’s Bay), Magnolia River (tributary to Week’s Bay), Wolf Creek (trib. 
to Wolf Bay), and Solider Creek (tributary to Perdido Bay).   
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Figure 3: Length (mm) frequency distributions of individual fish in (A) diets of Brown 
Pelican chicks from Gaillard and Cart islands, Alabama, 2017, and (B) collected during 
surveys in Mobile Bay, Alabama, 2017. 
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Figure 4:  Age-length relationships of Gulf Menhaden found in meals of Brown Pelican 
chicks at Gaillard and Cat islands, Alabama, 2017 and 2018. Circles indicate length-at-
age for a subset of Gulf Menhaden that had otoliths removed and aged; dashed line 
indicates the mean total length at age.  
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Figure 5: Multi-gear mean standardized catch per unit effort (CPUE) of fish collected 
during two surveys of Mobile Bay, Alabama, June – August 2017. Only fish species 
found in diets of Brown Pelican chicks are included. CPUE defined in Methods. 
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Figure 6: Number of Gulf Menhaden in each of three age classes collected from diets of 
chicks of Brown Pelicans at Gaillard and Cat islands, Alabama, 2017 and 2018.  
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Appendix A 
Number of days between measurements of habitat variables in 2017 and 2018 at both Cat 
Island (2017) and Gaillard Island (2017 and 2018) 
Year Island Check # 
# of days since 
last check 
  1 22 
2017 Gaillard 2 25 
  3 35 
  4 36 
  1 28 
2017 Cat 2 34 
  3 36 
  1 17 
  2 16 
2018 Gaillard 3 22 
  4 27 
  5 24 
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Appendix B 
Assessment of linear and quadratic terms for testing the effect of age and time variables 
on daily survival rates of eggs and broods for Brown Pelicans breeding in Mobile Bay, 
Alabama, 2017 and 2018. Underlined models are those used in final analyses. 
Year and 
Breeding Stage Term  ΔAICc value Weight 
 
Age 
 
Quadratic 0.00 0.96 
2017 Linear 6.62 0.04 
Incubation 
Time 
 
Linear 0.00 0.86 
 Quadratic 3.57 0.14 
 
Age 
 
Quadratic 0.00 0.72 
2018 Linear 1.90 0.28 
Incubation 
Time 
 
Linear 0.00 0.73 
 Quadratic 2.00 0.27 
 
Age 
 
Linear 0.00 0.65 
2017 Quadratic 1.24 0.35 
Broods 
Time 
 
Linear 0.00 0.69 
 Quadratic 1.57 0.31 
 
Age 
 
Quadratic 0.00 0.99 
2018 Linear 29.36 0.00 
Broods 
Time 
 
Linear 0.00 0.58 
 Quadratic 0.66 0.42 
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Appendix C 
Post-hoc assessment of linear and quadratic terms of ‘distance to water’ on daily survival 
rates of eggs and broods for Brown Pelicans breeding in Mobile Bay, Alabama, 2017 and 
2018. Underlined models are those used in final analyses. 
Year and 
Breeding Stage Term ΔAICc Value Weight 
2017 Linear 0.00 0.73 
Incubation Quadratic 1.99 0.27 
2018 Linear 0.00 0.67 
Incubation Quadratic 1.46 0.33 
2017 Linear 0.00 0.61 
Chick-rearing Quadratic 0.91 0.39 
2018 Linear 0.00 0.73 
Chick-rearing Quadratic 1.96 0.27 
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Appendix D 
Summary data from published studies of reproductive success of Brown Pelicans. 
Study Location Years 
Sample 
Size 
Stage of 
Breeding 
Sample 
Unit 
Analytical 
Approach 
Metric 
Used Values 
Schreiber 
1979 
Boca 
Ciega 
Bay, 
Florida 
1969 - 
1976 860 nests 
Laying to 
hatching Nests 
Apparent 
success Nest success 
Range: 0.53 
- 0.89. 
Overall: 
0.71 
Hatching to 
fledging Chicks 
Apparent 
success 
Chick 
survival 
Range: 0.16 
- 0.77 
Robinson 
and 
Dindo 
2011 
Gaillard 
Island, 
Alabama 
2007 - 
2008 384 nests 
Incubation 
Young 
hatched per 
egg laid Mayfield 
Hatching 
success 
Range: 0 - 
0.70 
Incubation 
through 
fledging Chicks Mayfield Egg success 
Range: 0.05 
- 0.66. 
Mean: 0.50 
Mcnease 
et al. 
1984 
Various 
islands, 
Louisiana 
1971 - 
1984 
2,305 
nests  Chicks 
Fledging 
rate 
Average 
number of 
chicks per 
nest 
Range: 0 - 
1.80. Mean: 
1.6 
Lamb, 
2016. 
Colonies 
across the 
Gulf of 
Mexico 
2013 - 
2015  
3/4 weeks old 
to fledging Chicks 
Fledging 
rate 
Nest 
productivity 
Range: 0.30 
- 1.64. 
Gaillard in 
2015: 1.06 
+/- 0.85 
Mendenh
all & 
Prouty 
1979 
Various 
islands, 
South 
Carolina 
1977 - 
1978 
~ 6,729 
breeding 
pairs 
Sighted to 
fledging Chicks 
Fledging 
rate 
Average 
number of 
chicks per 
nest 
Range: 0.69 
- 1.44. 
Mean: 1.4 
Blus & 
Keahy 
1978 
Marsh 
Island, 
South 
Carolina 
1969 - 
1975 
91 nests 
Incubation to 
4/5-week-old 
chick Nests 
Apparent 
success 
% of nests 
with hatched 
young 
Adults: 
68.1% 
Active: 
90 nests. 
Successfu
l: 45 
nests. 
4/5-week-old 
chick to 
fledging Chicks 
Fledging 
rate 
Average 
number of 
chicks per 
nest 
Active nest: 
0.89. 
Successful 
nest 1.78 
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Walter et 
al. 2013 
Racoon 
and Wine 
Islands, 
Louisiana 
2008 - 
2010 802 nests 
Sighted to 3/4 
weeks old Chicks 
Fledging 
rate 
Average 
number of 
chicks per 
nest 
Range: 0.0 - 
1.6 
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Appendix E 
Comparison of meals of Brown Pelican chicks collected from Gaillard and Cat Islands, 
Alabama, 2017. 
Island # of meals Biomass (g) 
Total energy 
content 
# of Gulf 
Menhaden 
Gaillard 32 5704.85 2129.51 241 
Cat 9 1488.43 214.93 45 
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Appendix F 
Multi-gear mean standardized catch per unit effort (CPUE) from the combined gillnet and 
baitfish surveys conducted in Mobile Bay, Alabama, June – August 2017. Pi is the 
percentage of the individual species within each month. 
Month Species mgms CPUE pi 
June Alosa chrysochloris 0.058 0.017 
July Alosa chrysochloris 0.011 0.005 
August Alosa chrysochloris 0.000 0.000 
June Anchoa mitchilli 0.045 0.013 
July Anchoa mitchilli 0.076 0.039 
August Anchoa mitchilli 0.018 0.025 
June Archosargus probatocephalus 0.000 0.000 
July Archosargus probatocephalus 0.000 0.000 
August Archosargus probatocephalus 0.000 0.000 
June Ariopsis felis 0.212 0.062 
July Ariopsis felis 0.316 0.162 
August Ariopsis felis 0.159 0.230 
June Bagre marinus 0.016 0.005 
July Bagre marinus 0.021 0.011 
August Bagre marinus 0.000 0.000 
June Bairdiella chrysoura 0.011 0.003 
July Bairdiella chrysoura 0.000 0.000 
August Bairdiella chrysoura 0.000 0.000 
June Brevoortia patronus 2.374 0.696 
July Brevoortia patronus 0.615 0.314 
August Brevoortia patronus 0.139 0.201 
June Callinectes sapidus 0.016 0.005 
July Callinectes sapidus 0.011 0.005 
August Callinectes sapidus 0.000 0.000 
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June Caranx hippos 0.000 0.000 
July Caranx hippos 0.005 0.003 
August Caranx hippos 0.000 0.000 
June Carcharhinus isodon 0.000 0.000 
July Carcharhinus isodon 0.000 0.000 
August Carcharhinus isodon 0.000 0.000 
June Carcharhinus leucas 0.000 0.000 
July Carcharhinus leucas 0.000 0.000 
August Carcharhinus leucas 0.000 0.000 
June Carcharhinus limbatus 0.000 0.000 
July Carcharhinus limbatus 0.000 0.000 
August Carcharhinus limbatus 0.000 0.000 
June Chloroscombrus chrysurus 0.011 0.003 
July Chloroscombrus chrysurus 0.000 0.000 
August Chloroscombrus chrysurus 0.000 0.000 
June Cynoscion arenarius 0.000 0.000 
July Cynoscion arenarius 0.000 0.000 
August Cynoscion arenarius 0.016 0.023 
June Cynoscion nebulosus 0.021 0.006 
July Cynoscion nebulosus 0.021 0.011 
August Cynoscion nebulosus 0.000 0.000 
June Cynoscion arenarius 0.000 0.000 
July Cynoscion arenarius 0.000 0.000 
August Cynoscion arenarius 0.000 0.000 
June Dorosoma cepedianum 0.032 0.009 
July Dorosoma cepedianum 0.069 0.035 
August Dorosoma cepedianum 0.011 0.015 
June Dorosoma petenense 0.001 0.000 
July Dorosoma petenense 0.008 0.004 
August Dorosoma petenense 0.000 0.000 
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June Elops saurus 0.000 0.000 
July Elops saurus 0.011 0.005 
August Elops saurus 0.005 0.008 
June Farfantepenaeus aztecus 0.001 0.000 
July Farfantepenaeus aztecus 0.000 0.000 
August Farfantepenaeus aztecus 0.004 0.006 
June Farfantepenaeus duorarum 0.000 0.000 
July Farfantepenaeus duorarum 0.000 0.000 
August Farfantepenaeus duorarum 0.000 0.000 
June Gobiosoma bosc 0.000 0.000 
July Gobiosoma bosc 0.000 0.000 
August Gobiosoma bosc 0.000 0.000 
June Gymnura micrura 0.000 0.000 
July Gymnura micrura 0.000 0.000 
August Gymnura micrura 0.000 0.000 
June Hypanus sabina 0.000 0.000 
July Hypanus sabina 0.000 0.000 
August Hypanus sabina 0.000 0.000 
June Ictalurus furcatus 0.005 0.002 
July Ictalurus furcatus 0.000 0.000 
August Ictalurus furcatus 0.000 0.000 
June Ictiobus bubalus 0.000 0.000 
July Ictiobus bubalus 0.000 0.000 
August Ictiobus bubalus 0.000 0.000 
June Labidesthes sicculus 0.004 0.001 
July Labidesthes sicculus 0.000 0.000 
August Labidesthes sicculus 0.000 0.000 
June Lagodon rhomboides 0.048 0.014 
July Lagodon rhomboides 0.058 0.030 
August Lagodon rhomboides 0.005 0.008 
 90 
June Leiostomus xanthurus 0.191 0.056 
July Leiostomus xanthurus 0.265 0.136 
August Leiostomus xanthurus 0.090 0.130 
June Lepisosteus oculatus 0.000 0.000 
July Lepisosteus oculatus 0.000 0.000 
August Lepisosteus oculatus 0.000 0.000 
June Lepisosteus osseus 0.001 0.000 
July Lepisosteus osseus 0.000 0.000 
August Lepisosteus osseus 0.000 0.000 
June Lepomis macrochirus 0.000 0.000 
July Lepomis macrochirus 0.000 0.000 
August Lepomis macrochirus 0.000 0.000 
June Litopenaeus setiferus 0.005 0.002 
July Litopenaeus setiferus 0.000 0.000 
August Litopenaeus setiferus 0.000 0.000 
June Livoneca redmanii 0.001 0.000 
July Livoneca redmanii 0.000 0.000 
August Livoneca redmanii 0.000 0.000 
June Lutjanus griseus 0.005 0.002 
July Lutjanus griseus 0.005 0.003 
August Lutjanus griseus 0.000 0.000 
June Macrobrachium ohione 0.000 0.000 
July Macrobrachium ohione 0.000 0.000 
August Macrobrachium ohione 0.000 0.000 
June Membras martinica 0.012 0.003 
July Membras martinica 0.000 0.000 
August Membras martinica 0.000 0.000 
June Menidia beryllina 0.001 0.000 
July Menidia beryllina 0.000 0.000 
August Menidia beryllina 0.000 0.000 
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June Menticirrhus americanus 0.000 0.000 
July Menticirrhus americanus 0.011 0.005 
August Menticirrhus americanus 0.000 0.000 
June Micropogonias undulatus 0.170 0.050 
July Micropogonias undulatus 0.340 0.174 
August Micropogonias undulatus 0.122 0.176 
June Micropterus salmoides 0.000 0.000 
July Micropterus salmoides 0.005 0.003 
August Micropterus salmoides 0.000 0.000 
June Mugil cephalus 0.117 0.034 
July Mugil cephalus 0.037 0.019 
August Mugil cephalus 0.048 0.069 
June Mugil cephalus 0.000 0.000 
July Mugil cephalus 0.000 0.000 
August Mugil cephalus 0.000 0.000 
June Mugil curema 0.021 0.006 
July Mugil curema 0.011 0.005 
August Mugil curema 0.011 0.015 
June Neritina usnea 0.001 0.000 
July Neritina usnea 0.000 0.000 
August Neritina usnea 0.000 0.000 
June Notemigonus crysoleucas 0.003 0.001 
July Notemigonus crysoleucas 0.000 0.000 
August Notemigonus crysoleucas 0.000 0.000 
June Oligoplites saurus 0.000 0.000 
July Oligoplites saurus 0.001 0.001 
August Oligoplites saurus 0.000 0.000 
June Palaemonetes 0.002 0.001 
July Palaemonetes 0.000 0.000 
August Palaemonetes 0.058 0.084 
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June Paralichthys lethostigma 0.000 0.000 
July Paralichthys lethostigma 0.005 0.003 
August Paralichthys lethostigma 0.000 0.000 
June Peprilus burti 0.000 0.000 
July Peprilus burti 0.005 0.003 
August Peprilus burti 0.000 0.000 
June Peprilus paru 0.000 0.000 
July Peprilus paru 0.021 0.011 
August Peprilus paru 0.000 0.000 
June Pogonias cromis 0.000 0.000 
July Pogonias cromis 0.000 0.000 
August Pogonias cromis 0.000 0.000 
June Prionotus tribulus 0.005 0.002 
July Prionotus tribulus 0.000 0.000 
August Prionotus tribulus 0.000 0.000 
June Sciaenops ocellatus 0.011 0.003 
July Sciaenops ocellatus 0.021 0.011 
August Sciaenops ocellatus 0.005 0.008 
June Scomberomorus maculatus 0.000 0.000 
July Scomberomorus maculatus 0.005 0.003 
August Scomberomorus maculatus 0.000 0.000 
June Strongylura marina 0.000 0.000 
July Strongylura marina 0.000 0.000 
August Strongylura marina 0.000 0.000 
June Trinectes maculatus 0.007 0.002 
July Trinectes maculatus 0.000 0.000 
August Trinectes maculatus 0.000 0.000 
 
 
 
